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(54) Field-effect transistor and method of producing the same 



(57) Si and SiGeC layers are formed in an NMOS 
transistor on a Si substrate. A carrier accumulation layer 
is formed with the use of a discontinuous portion of a 
conduction band present at the heterointerlace between 
the SiGeC and Si layers. Electrons travel in this carrier 
accumulation layer serving as a channel. In the SiGeC 
layer, the electron mobility is greater than in silicon, thus 
increasing the NMOS transistor in operational speed. In 
a PMOS transistor, a channel in which positive holes 



travel, is formed with the use of a discontinuous portion 
of a valence band at the interface between the SiGe and 
Si layers. In the SK3e layer, too. the positive hole mobil- 
ity is greater than in the Si layer, thus increasing the 
PMOS transistor*in operational speed There can be 
provided a semiconductor device having fieW- effect 
transistors having channels lessened in crystal defect 
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Descripti n 

Background of the Invention 

The present invention relates to a semiconductor 5 
device, and mere particularly to a semiconductor device 
having a heterojunction field-effect transistor using a 
SiGeC or SGe layer, and to a method of producing this 
semiconductor device. 

Recently, high integration of a semiconductor to 
device is under way. It is even intended to miniaturize a 
MOS transistor m which a gate length is below o.i pm 
in such ultra-mmiaturization. however, the current driv- 
ing ability is saturated due to the influence of a short 
channel effect or an increase in resistance component is 
Thus, there cannot be expected such improvements in 
performance that have hitherto been made, kn particu- 
lar, to increase the driving ability of a miniaturized MOS 
transistor, it is important to improve the mobility of carri- 
ers in a channeJ and to lower a source-drain electrode in 20 
contact resistance. 

In view of the foregoing, there has been proposed 
instead of a complementary semiconductor device 
(CMOS device) formed on a silicon substrate, a heter- 
ostructure CMOS device (hereinafter referred to as an 25 
HCMOS device) using Si/SiGe (mixed crystal of the IV- 
family elements). The HCMOS device utilizes, as a 
channel, the interface of a heterojunction structure of 
two fends of semiconductors different in band gap from 
each other, instead of the Si/SiO? interlace By using 30 
Si/SiGe capable of providing a carrier mobifty higher 
than that provided by Si. it is expected to achieve a tran- 
sistor higher in operational speed. By controlling the 
composition of SifSiGe. it is possfcle to term, on a Si 
substrate, an epitaxial growth layer having the desired is 
amount of strain and the desired value of band gap 
Ismail of the IBM company has conducted basic experi- 
ments on improvements in characteristics of an 
HCMOS device of the Si/SiGe type (See rCtsmaM, 
•Si/SiGe High Speed FieW-Effect Transistors-. IEDM 40 
Tech. Dig. 1995. p509 and MA. Armstrong et a!. 
'Design of Si/SiGe Heterojunction Complementary 
Metal-Oxide Semiconductor Transistors *. IEDM Tech. 
Dig. 1995. p761). 

Fig. 15 is a section view of an example of this 45 
HCMOS device As shown in Ftg. 15. there is termed, 
on a portion of a Si substrate 101. a field-effect transis- 
tor comprising source-drain regions 109. a gate insulat- 
ing layer 1 07 and a gate electrode 1 10 Formed in a so- 
called channel region between the source*drain regions so 
under the gate electrode 110 are a SiGe buffer layer 
102. a 6 doped layer 115. a spacer layer 103. an i-Si 
layer 104. an i-SiGe layer 105 and an i-Si layer 106. In 
these layers, the SiGe buffer layer 102 gives tensile 
strain to the i-Si layer 1 04 tor forming an n-channeJ layer 55 
1 12 between the SiGe buffer layer 102 and the i-Si layer 
104. In the SiGe buffer layer 102. the Ge composition 
rate is gradually changed such that the Ge composition 



rate m that portion of the layer 102 immediat ly a: ? 
the Si substrate 10 1 is equal to 0 %. while the G com- 
position rate in the top portion of the layer 102 is equal 
to 30 %. 

When a negative bias voftage rs applied, the n- 
chameJ layer 112 is formed on the heterointerface 
between the i-Si layer 104 and the SiGe buffer layer 102 
thereunder. The 6 doped layer 1 15 is arranged to supply 
electrons serving as carriers to the n -channel layer i 12 
which is termed on the 6 doped layer 1 15. The spacer 
layer 103 is arranged to spatially separate the ions n 
me d doped layer 1 15 formed below the spacer layer 
103, from the n-channel layer 1 12 termed on the spacer 
layer 103. thus preventing the carrier mobility from 
being lowered due to ion scattering. 

On the other hand, when a positive bias voltage is 
applied, a p-chaimel layer 111 is termed, at the side of 
the i-SiGe layer 105, on the heterointerface between the 
i-SiGe layer 105 and the i-Si layer 106 thereon. The 
gate insulating layer 107 is termed to insulate the gate 
electrode 1 10 from the p-channel layer ill. 

As discussed in the foregoing, the heterojunction 
field-effect transistor is characterized in that a channel is 
formed on the heterointerface between two kinds of 
sem ico nduct o r layers different in band gap from each 
other. Accortfngty. to form a channel, there are inevita- 
bly present at least two Kinds of semiconductor layers 
different in band gap from each other. In addition, to 
term, in semiconductor layers, a channel in which elec- 
trons or positive holes move at a high speed, it is 
required to form, at the heterointerface. a discontinuous 
portion of a conduction or valence band. In the Si/SiGe 
type above-mentioned, the i-SiGe layer 105 has a cSs- 
continuous portion in the valence band with respect to 
the i-Si layer 106. thus forming a channel tor positive 
holes (See the left portion of Fig. 15). However, the con- 
duction band hardly has a discontinuous portion. 
Aocord ngly. tensile strain is induced in the i-Si layer 104 
such that a discontinuous portion is formed in the con- 
duction band at the heteroimertace between i-Si layer 
104 and the i-SiGe layer 105 (See the right portion of 
Fig. 15). 

According to a simulation, it is estimated that as 
compared with a conventional CMOS device in the 
same size using a Si/StO? channel, the HCMOS device 
having the arrangement above-mentioned achieves an 
operation at double the speed with a hatt power con- 
sumption. More specifically, this is a semiconductor 
transistor in which a Si semiconductor is combined with 
a SiGe mixed crystal to form a heterointerface and in 
which there is formed a channel in which carriers are 
mobie at a high speed. Thus, attention is placed to this 
semiconductor transistor as a transistor capable of 
achieving both a high-speed operation utilizing a heter- 
ojunction and large-scale integration of a MOS device 

A heterojunction device utilizing a mixed crystal of 
the IV-famrty elements such as SiGe is expected as 
means tor overcoming the functional limit of a CMOS 



3 



EP 0 829 908 A2 



4 



device of prior art. Due to me difficulty in production, 
however, a heterojunction fi Id-effect transistor using a 
mixed crystal of the IV-family elements represented by 
SiGe is behind in research and dev topment as com- 
pared with a heterojunction bipolar transistor which is a f 
heterodevic similarly using a mixed crystal such as 
SiGe. Thus, it cannot be stated that studies nave suffi- 
ciently b made on the structure capable f providing 
performance as expected and on the.method of produc- 
ing such structure. * ' 1C 

Further, in a heterojunction field-effect transistor 
having a so-called heterojunction MOS structure having 
an insulating layer between a gate electrode and a sem- 
iconductor layer as above-mentioned, a stable and good 
insulating layer cannot be formed in the SiGe layer, is 
Accordingly, an oxide layer of SiO^ is used as a gate 
insulating layer. It is therefore required that a Si layer is 
always present immediately below the gate insulating 
layer. However, Si is characterized in that its band gap is 
always greater than the band gap of SiGe. This is disad- 20 
vantageous in the above-mentioned HCMOS device of 
prior art as set forth below. 

Firstly, to form an electron channel on the Si sub- 
strate 101 . tensile strain is induced in the i-Si layer 104 
to form a band discontinuous portion at the Si/SiGe net- 25 
erointertace. However, the lattice constant undergoes a 
change to induce dislccation.due to lattice relaxation. 

Fig. 16 is a section view fllustrating the SiGe buffer 
layer 102 and the i-Si layer 104 thereabove. as picked 
out from Fig. 15. Since the i-Si layer 104 is smaller in (at- so 
tice constant than the SiGe buffer layer 102. tensile 
strain will be accumulated at the stage of crystal growth. 
When such accumulation becomes great this results in 
dislocation in the i-Si layer 104 as shown in Fig. 16. 
Thus, dislocation or Hne defect is inevitably induced by J5 
strain due to lattice misfit between the i-Si layer 104 and 
the SiGe buffer layer 102. Setting apart from the initial 
characteristics of a transistor utilizing such a crystal, it is 
considered that the reliability and life-time of the transis- 
tor are influenced by the deterioration in characteristics *o 
due to the growth of dislocation in the crystal. 

The SiGe buffer layer 102 made of SiGe greater in 
lattice constant than Si is laminated on the Si substrate 
101 and tensile strain is accumulated in the i-Si layer 
1 04 which is grown on the SiGe buffer layer 102. As the 45 
thickness of the SiGe buffer layer 102 is increased, the 
thickness exceeds the critical thickness in which the lat- 
tice constant of the SiGe buffer layer 102 is changed 
from the lattice constant of Si to the original lattice con- 
stant of SiGe. This produces lattice relaxation, causing so 
defects such as dislocation or the like to be induced also 
in the SiGe buffer layer 102. 

There are instances where such defects do not 
exert a significant influence on the initial characteristics 
of the transistor. In view of long-term reliability and life- 55 
time, however, such defects involve a possibility of a 
serious trouble being caused. More specifically, the 
transistor is deteriorated due to the growth of defects by 



an electric current or the diffusion of metal or imounty 
through the defects, thus possibly causing the transistor 
to be lowered in reliability. 

Secondly, a heterojunction f iekJ-etfect device ustng 
a mixed crystal of the IV-famiry elements represented by 
SiGe is effective as a transistor structure capable of 
overcoming the performance limit of a miniaturized 
CMOS device of prior art. At this point of time, however, 
studies on optimization of the contact of each source- 
drain electrode have not sufficiently been done as com- 
pared with studies on improvements in channel mcoihty 
Thus, the structure cannot take full advantage of such 
high-speed mobility. In the IBM's heterojunction CMCS 
device technology mentioned earlier, too. detailed stud- 
ies have been made on improvements in mobility of a 
channel region, but studies have hardly been maoe on 
reduction in resistance of the contact of each source- 
drain electrode which is another important factor for 
improvement in performance of a miniaturized transis- 
tor. 

More specif ically, in a CMOS device structure using 
a single crystal of Si. a variety of studies have been 
made on the structure of the contact region of thesub- 
strate connected to a source-drain electrode. However, 
studies are required as to whether or not the contact 
region structure and its production method which are* 
optimized for a general CMOS device, are also good for 
a heterojunction field-effect device different in transistor 
structure. 

Summary of the Invention 

It is a first object of the present invention to provide 
a semiconductor device high in carrier mobility and reli- 
ability in which there is utilized, as a structure in a chan- 
nel region under a gate of an HCMOS device, a 
heterojunction structure in lattice fit or substantially in 
lattice fit yet having a band discontinuous portion where 
a carrier accumulation layer can be formed. 

It is a second object of the present invention to pro- 
vide a semiconductor device having contact regions low 
in contact resistance without excellent characteristics of 
a heterostructure field-effect device injured, and to pro- 
vide a method of producing the semiconductor devtc 
above- mentioned. 

To achieve the first object, the present invention 
provides a first semiconductor device, a second semi- 
conductor device and a first semiconductor device pro- 
ducing method. 

To achieve the second object the present invention 
provides a third serniconductor device and a second 
semiconductor device producing method. 

The first semiconductor device according to the 
present invention comprises a field-effect transistor 
which is formed on a portion of a semiconductor sub- 
strate and which comprises a gate electrode, source- 
drain regions and a channel region between the source- 
drain regions, and the channel region comprises: a Si 
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layer: a Si.. t . v G,e f C, layer (Osxsi. 0<ysi) which is 
formed as coming in contact with the Si layer and in 
which the composition rate y of C is in the range from 
0.01 to 0.03: and a carrier accumulation layer formed in 
that portion of the Si^.yGe^Cy layer which is adjacent 5 
to the Si layer. 

At the interface between the Si layer and the Si,.* 
yGe.Cy layer in which the composition rate y of C is in - 
the range from 0.01 to 0.03. there can be formed a band 
discontinuous portion required for forming a carrier 10 
accumulation layer in which carriers are two-dimension- 
ally confined Since this carrier accumulation layer func- 
tions as a diannel. there can be obtained a field-effect 
transistor high in operational speed in which the Si,.,. 
y Ge 1 C y layer giving a higher carrier mobility than in the is 
Si layer, serves as a channel Further, control can be 
made such that lattice misfit between the Si 1 . I .yGe x C y 
layer and the Si layer does not occur or is mmtmtzed. It 
is therefore possible to make an adjustment such that 
lattice strain is not induced or substantially not induced, so 
This enables the Si^.yGe^Cy layer to be formed with no 
crystal defect induced therein. Thus, a highly reliable 
semiconductor device can be obtained. 

According to the present invention, the composition 
rates of the respective elements in the Si^.yGejCy 25 
layer may be adjusted such that the Si 1 . I . y Ge I C y layer 
and the Si layer are fitted in lattice for each other. 

This enables a channel to be formed in the Si,.,. 
yGe t Cy layer free from strain due to lattice misfit. Thus, 
a highly reliable semiconductor device can be obtained. 30 

According to the present invention, provision may 
be made such that the Si^yGe^ layer has a lattice 
constant smaller than that of the Si layer and has such 
a thickness as to induce no lattice relaxation. 

With the arrangement above-mentioned, tensile 35 
strain is induced in the Si-.^yGe^Cy layer. This 
increases the amount of a band discontinuous portion 
with respect to the Si layer, thus enhancing me carrier 
confining efficiency. 

According to the present invention, carriers accu- «o 
mutated in the carrier accumulation layer may be nega- 
tive. 

According to the present invention, a carrier supply 
layer for supplying carriers to the carrier accumulation 
layer is preferably formed in that portion of the Si layer 45 
which is adjacent to the Si^Ge, Cy layer. 

Preferably, the present invention is arranged such 
that carriers accumulated in the carrier accumulation 
layer are negative, that there is termed another field- 
effect transistor which is formed on other portion of the so 
semiconductor substrate and which comprises a gate 
electrode, source-drain regions and a channel region 
between the source-drain regions, and that the channel 
region of another field-effect transistor comprises: a 
second Si layer: a SiGe layer formed adjacent to the ss 
second Si layer: and a second carrier accumulation 
layer tor accumulating positive carriers, which is farmed 
in that portion of the SiGe layer adjacent to the second 



Si layer. 

With the arrangement above-mentioned, there can 
be obtained a semiconductor device functioning as an 
HCMOS device which assures a high carrier mobility m 
each of the rvcharmet and p-channel sides 

According to the present invention, the Si,, f .yGe f C v 
or SiGe layer may be a quantum well region. 

With the arrangement abbve-mentioned. there- can 
be obtained a field-effect transistor having a channel 
high in carrier confining efficiency. 

According to the present mention, each of the 
source-dram regions may compnse a first semiconduc- 
tor layer and a second semiconductor layer greater in 
band gap than the first semiconductor layer, and mere 
may further be formed source-drain contact layers each 
of which is made of a conductive layer low in resistance 
and each of which is formed immediately above the first 
semiconductor layer. 

With the arrangement above-mentioned, a semi- 
conductor device low in contact resistance can be 
obtained even with the use of a heterojunction structure. 

The second semiconductor device according to the 
present invention comprises: a field-effect transistor 
which is formed on a portion of a semiconductor sub- 
strate and which comprises a gate electrode: source- » 
drain regions: and a channel region between the 
source-drain regions, and the channel region com- 
prises: a first Si layer: a first Si-.^Ge^Cy layer (OSxsi. 
0<y*1) which is formed as earning in contact with the 
first Si layer: a second Si layer: a second Si,. a .yGe v Cy 
layer (03x31. Osysi) which is formed as corning in con- 
tact with the second Si layer and which is different in 
band gap from the first Si^Ge^Cy layer: and first and 
second carrier accurnufertion layers for respectively con- 
fining different conductive carriers, these first and sec- 
ond carrier accumulation layers being respectively 
formed in that portion of the first Si^.yGe,^ layer 
which is adjacent to the first Si layer and in that portion 
of the second Si^Ge^ layer which is adjacent to the 
second Si layer. 

According to the arrangement above-mentioned, 
there can be obtained a semiconductor device function- 
ing as an HCMOS device having n-channel and p-chan- 
nel field-effect transistors each having a channel high 
not onry in carrier confining efficiency but also in opera* 
tional speed. Further, control can be made such that lat- 
tice misfit between the first Sit. s . y Ge x Cy layer and the 
first Si layer does not occur or is minimized. This ena- 
bles the first Si^.yGe^Cy layer to be formed with no 
crystal defect induced therein. Thus, a highly reliable 
semiconductor device can be obtained. 

According to the present invention, the composition 
rate y of C in the second S^^Ge^Cy layer may be 
equal to 0. 

According to the present invention, there may fur- 
ther be disposed a MOS transistor which is formed on 
the semiconductor substrate and in which a semicon- 
ductor layer formed of a single element serves as a 
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channel region. 

With the arrangement above-mentioned, a transis- 
tor provided in the channel region thereof with the first 
Si,. I . v Ge 1 C y layer may be used tor a circuit requiring a 
high operational speed, and a usual MOS transistor 5 
may be used for other arcuit. thus enabling the applica- 
ble range of the semiconductor device to be enlarged. 

According to the present invention, provision may 
be made such that the first Si,. r . y Ge t C y layer has a lat^ 
tice constant smaller than that of the first Si layer and jo 
has such a thickness as to induce no lattice relaxation. 

With the arrangement above-mentioned, tensile 
strain is induced in the first Sh.^GftvCy layer. This 
increases the amount of a band discontinuous portion 
with respect to the first Si layer, thus enhancing the car* is 
rier confining efficiency. 

According to the present invention, a carrier supply 
layer for supplying carriers to the first carrier accumula- 
tion layer is preferably formed in that portion of the first 
Si layer which is adjacent to the first Si, .^Ge^Cy layer, zo 

The third semiconductor device according to the 
present invention comprises at least one field-effect 
transistor formed on a semiconductor substrate, and 
this field-effect transistor comprises: a channel region 
comprising a first semiconductor layer including a Sit*. 2S 
y Ge,C y layer (0Sx*1. Osyst). a second semiconductor 
layer different in band gap from the first semiconductor 
layer, and a earner accumulation layer formed in the 
vicinity of the interface between the first and second 
serriconductor layers; source-drain regions each com- 30 
prising: a third semiconductor layer and a fourth semi- 
conductor layer greater in band gap than the third 
semiconductor layer; and source-drain contact layers 
each of which is made of a conductive layer, each of 
which is low in resistance and each of which is formed 35 
immediately above the third serriconductor layer. 

The arrangement abwe-mentioned can lower the 
resistance of a contact with respect to each source- 
drain region in the field-effect transistor high not only in 
carrier mobility but also in operational speed with the <o 
use of a heterojunction structure, 

The present invention may be arranged such that 
the first semiconductor layer also serves as the third 
semiconductor layer, that the second semiconductor 
layer also serves as the fourth semiconductor layer, and «5 
that the second semiconductor layer is formed on the 
first semiconductor layer. 

The present inve ntion may be arranged such that 
the first and third semiconductor layers are respectively 
formed by different semiconductor layers, that the third so 
semiconductor layer is formed on the first semiconduc- 
tor layer, and that the fourth semiconductor layer is 
formed on the third semiconductor layer. 

The first semiconductor device producing method 
according to the present invention, provides a method of ss 
producing a semiconductor device including an n-chan- 
nel field-effect transistor and a p-channe4 field-effect 
transistor, and comprises: a first step of forming, on a 



semiconductor substrate, a first Si layer and a first $•. , 
v Ge f C v layer (OSxSI. 0<ysi) which comes m contact 
with the first Si layer and in which a first earner accumu- 
lation layer serving as a channel of the n-channei fteia* 
effect transistor is formed in that portion of the firs; S», 
f . y Ge,C y layer which is adjacent to the first Si layer: a 
second step of forming, on the semtconauctor suD- 
strate. a second S layer and a second St,. f .,Ge,C f 
layer (Osxsi, Osyai) which comes in contact witn me 
second Si layer, which is different in band gap iron the 
first Sit.K.yGexCy layer and m which a second earner 
accumulation layer serving as a channel of the p-chan- 
nel field-effect transistor is formed in mat portion cf the 
second Siv^.yGe^y layer which is adjacent to the sec- 
ond Si layer; a third step of depositing a conductive 
layer on the first or second Si^.yGe^Cy layer whichever 
is the upper, and patterning the conductive layer to form 
the gate electrodes of the rv and p-channel field-effect 
transistors; and a fourth step of introducing, with the 
gate electrodes of the field-effect transistors used as 
maste, (i) n-type impurity into the n -channel field-effect 
transistor forming region in depth which reaches at least 
the first carrier accumulation layer and (ii) p-rype impu- 
rity into the p-channel field-effect transistor forming 
region in depth which reaches at least the second car- 
rier accumulation layer, thus forming source-drain* 
regions of the n- and p-channel field-effect transistors. 

According to the method above-mentioned, the 
second semiconductor device of the present invention 
can readily be produced. 

The second semiconductor device producing 
method of the present invention provides a method of 
producing a semiconductor device which has a first 
semiconductor layer including a Si 1 . Jt . y Ge I C y layer 
(OSxsi, Osysi). a second semiconductor layer differ- 
ent in band gap from the first semiconductor layer and a 
carrier accumulation layer serving as a channel formed 
in the vicinity of the interface between the first and sec- 
ond semiconductor layers, and which serves as a field- 
effect transistor, and this second semiconductor device 
method comprises: a first step of successively forming, 
on a field-effect transistor forming region of a semicon- 
ductor substrate, a third semiconductor layer and a 
fourth semiconductor layer greater in band gap than the 
third semiconductor layer; a second step of depositing a 
conductive layer on the fourth semiconductor layer and 
patterning the conductive layer to form a gate electrode: 
a third step of introducing impurity into those portions of 
the field-effect transistor forming region which are 
located at both lateral sides of the gate electrode, thus 
forming source-drain regions, the impurity being intro- 
duced in depth which reaches at least the carrier accu- 
mulation layer; a fourth step of etching the fourth 
serriconductor layer in the source-drain regions until at 
least the third semiconductor layer is exposed: and a 
fifth step of forming, on the exposed surface of the third 
serriconductor layer, source-drain contact layers made 
of conductive layers low in resistance. 
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According to the method above-mentioned, the 
third semiconductor device of the present invention can 
readily be produced. 

. According to the present inventioa the fourth step 
is preferably executed under etching conditions in which 
the etching selectivity for the third and fourth semicon- 
ductor layers is high. 

Brief Description of the Orawlngs 

Fig. 1 is a section view illustrating the structure of a 
SiGeC HCMOS device according to a first embodi- 
ment of the present invention; 
Fig. 2 is a view illustrating the dependency of lattice 
strain of the SiGeC layer in the HCMOS device in 
Fig. t upon Ge and C concentrations; 
Rg. 3 is a view illustrating the relationship among 
Si. Ge. C concentrations which produce a lattice fit 
or tensile strain between the SiGeC layer and the Si 
layer in the SiGeC HCMOS device in Fig. 1 ; 
Fig. 4 is a view illustrating the relationship between 
an energy gap value and the C composition rate in 
the SiGeC layer in the HCMOS device in Fig. 1; 
Fig. 5 (a) to Fig. 5 (f) are section views aiustrating 
the steps of producing a semiconductor device 
according to the first ernbodiment of the present 
invention; 

Fig. 6 (a) to Fig. 6 (c) are views illustrating the rela- 
tionships between strain due to lattice misfit and the 
composition of the SiGeC layer of a second embod- 
iment of the present invention; 
Fig. 7 is a view illustrating the band lineup in a lat- 
tice-fit SiGeC HCMOS device of the second 
embodiment of the present invention; 
Fig. 8 is a section view fflustrating the structure of 
an HCMOS device having channels each in a quan- 
tum well structure according to a third ernbodiment 
of the present invention; 

Fig. 9 (a) to Fig. 9 (f) are section views ihjstratmg 
the steps of producing a semi co nductor device 
according to the third entxxfiment of the present 

invention; 

Fig. 10 is a section view ilustrating the structure of 
an HCMOS device according to a fourth embodi- 
ment of the present invention: 
Fig. 11 (a) to Rg. 11 (e) are section views illustrat- 
ing the first haJf c;f the steps of producing the 
HCMOS device according to the fourth embodi- 
ment of the present invention; 
Fig. 12 (a) to Fig. 12 (•) are section views iflustrat- 
ing the second haH of the steps of producing the 
HCMOS device accorolng to the fourth embodi- 
ment of the present invention: 
Fig. 13 is a section view ilustrating the structure of 
an HCMOS device according to a fifth embodiment 
of the present invention; 

Fig. 14 is a section view frustrating the structure of 
an HCMOS device according to a sixth embodi- 
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ment of the present rnv nti n. 

Fig. 15 is a section view illustrating the structure of 

an HCMOS device of prior art; and 

Fig. 16 shows defects induced in a heteromterface 

of the HCMOS device of prior art in Fig. 15, the 

defects including dislocation or the like produced by 

strain due to lattice misfit 

Detailed Description of Preferred Embodiments 



so 



Fffst EfjaQfljmjepj 

An HCMOS device according to a first embodiment 
of the present invention is a field-effect transistor unit 
which uses a three-element mixed crystal of SiGeC 
comprising C added to SiGe/Si. in which the SiGeC 
layer and the Si layer are substantially fitted in lattice for 
each other, and in which a band discontinuous portion is 
formed at a heterointerface due to a difference in band 
gap energy. 

Fig. 1 is a section view illustrating the structure of 
the HCMOS device of the first embodiment. As shown in 
Fig. 1, NMOS and PMOS transistors are formed on a 
silicon substrate 10. The following description will first 
discuss the structure of the NMOS transistor. 

In the NMOS transistor, a p-weB 11 (high-concen- 
tration p-type silicon layer) is formed on the silicon sub- 
strate 10. Successively formed on the p-we« 11 are (i) a 
Si layer I3n having a 6 doped layer which has been 
doped with a V-famiry element in high concentration, 
and a spacer layer, and (ii) a SiGeC layer 1 4n (in which 
the C concentration is 4 %, while the Ge concentration 
is 36 %). As wil be discussed later, the composition 
rates of the respective elements in the SiGeC layer 1 4n 
are set such that the SiGeC layer Un and the Si layer 
I3n immediately therebefow are fitted in lattice tor each 



m the heterointertace between the SiGeC layer 1 4n 
and the Si layer 13a there is present a band discontin- 
uous portion of a conduction band Ec having a band off- 
set value aEc. as shown in the right portion of Fig. 1. 
Formed at this band discontinuous portion is a carrier 
accumulation layer in which electrons serving as nega- 
tive carriers are confined as two-dimensional electron 
gas (2DEG). The carrier accumulation layer formed in 
the vicinity of the interface at the side of the SiGeC layer 
1 4n. will serve as a channel in which electrons travel at 
a high speed M the SiGeC layer I4n. the electron 
mob*ty is higher than in the Si layer, thus increasing the 
operational speed of this NMOS transistor. 

S-pCcessively formed on the SiGeC layer I4n are a 
SiGe layer I5n (in which the Ge concentration is 30%. 
whHe the Si co n ce nt rati on is 70 %). and a Si layer 17n. 
A gate insulating layer 19n comprising a silicon oxide 
layer is formed on the surface of the Si layer I7n. 
Because the Si layer 17n is present below the gate insu- 
lating layer I9n. the gate insulating layer I9n high h 
crystaWinity can reaoUy be formed merely by oxidizing 
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the surface of the Si layer 1 7n. A gate electrode I8n is 
formed on the gate insulating layer I9n. Source-drain 
• layers I6n are formed in the substrate at both lateral 
sides of the gate electrode i8n. The travel of electrons 
within the SiGeC lay r I4n is controlled by a voltage 5 
applied to the gate electrode I8n. In Fig. 1 , the source- 
dram layers I6n are formed in depth which reaches the 
p-weil n. but may be formed at least in depth corre- 
sponding to that portion of the SiGeC layer I4n which • 
will result in a channel. * jQ 

The PMOS transistor has substantially the same 
structure as that of the NMOS transistor discussed in 
the foregoing. An n-welf 12 (high-concentration n-type 
Si layer) is formed on the silicon substrate 10. Succes- 
sively formed on the n-well 1 2 are (i) a Si layer 1 3p hav- 15 
ing a 6 doped layer which has been doped with a V- 
famiry element in high concentration and (fi) a SiGeC 
layer I4p (in which the Ge concentration is 8.2 %. while 
the C concentration is 1 %). Further successively 
formed on the SiGeC layer I4p are a SiGe layer 15p(in ao 
which the Ge concentration is 30 %, while the Si con- 
centration is 70 %) and a Si layer 17p. In the PMOS 
transistor, positive holes serve as carriers. The channel 
in which the positive holes travel, is formed at the side of 
the SiGe layer i5p of the interface between the SiGe 25 
layer I5p and the Si layer I7p A band discontinuous 
portion of the valence band having a band offset value 
aEv is present at the heterointerlace between the SiGe 
layer I5p and the Si layer 17p. A carrier accumulation 
layer is formed at this discontinuous portion. Accord- 30 
ingly. the positive holes travel in the channel of carrier 
accumulation layer formed at the side of the SiGe layer 
I5p of the interlace. In the SiGe layer I5p. too. the 
mobility of positive holes is higher than in the Si layer, 
thus increasing the operational speed of the PMOS 35 
transistor. 

In the PMOS transistor, a gate insulating layer I9p 
comprising a silicon oxide layer is formed on the Si layer 
i7p. Source-drain layers I6p are formed at both sties 
of a gate electrode I8p. The travel of positive holes in «o 
the SiGe layer I5p is controlled by a voltage applied to 
the gate electrode 1 8p. 

Disposed between the NMOS and PMOS transis- 
tors is a trench isolation 20 formed by embedding, with 
a silicon oxide layer, a groove formed in the substrate. 45 
The trench isolation 20 electrically separates the NMOS 
and PMOS transistors from each other. 

The Si layers 13n. 13p, the SiGeC layers 14n, I4p. 
the SiGe layers iSn, iSp. and the Si layers 17n. 17pare 
simultaneously formed through crystal growth. For so 
example, the sizes of the respective layers can be set to 
the following sizes, but are not limited thereto 

The thickness of each of the Si layers 13n. 13p is 
for example equal to about 0.6 urn. and is preferably in 
the range from 0 to 1 um The thickness of each spacer 55 
layer is tor example equal to about 30 nm, and is prefer- 
ably in the range from 0 to 50 nm. The thickness of each 
of the SiGeC layers I4n. I4p is preferably in the range 



from 3 1 50 nm. The thickness of each of the Si6e lay- 
ers I5n. iSp is equal to about 5 nm and « preferably in 
the range from 3 to 5 nm. The thickness of each of the 
Si layers i7n. I7p is equal to about 1 nm and is prefer- 
ably in the range from 0.5 to 5 nm. The thickness of 
each of the gate insulating layers I9n. I9p is for exam- 
ple about 5 nm. 

in each of the gate electrodes I8n. 180. the gat 
• lengths equal to 0 25 nm and the gate wtith is equal to 
2.5 um. The width of each source-dram region is equal 
to about 1.2 urn The contact area of each of source- 
dram electrodes 2in. 2lp is equal to about 0 5 um x 
about 0.6 um. The doping concentration of each of the 
wells I3n. I3p is in the range from about 1 x 10 17 to t x 
about 10 18 cm* 3 . The doping concentration of each of 
the 6 doped layers is in the range from about 1 x 10' 8 to 
about 1 x 10 20 cm* 3 . 

The HCMOS device (Heterostructure CMOS 
device) of this embodiment is characterized in that a 
SiGeC layer is used. By adjusting the composition rates 
of Si. Ge and C in the SiGeC layer, the band gap 
amount and lattice misfit with respect to silicon can be 
changed. The following description will discuss in detail 
the relationship between the composition rates of Si. Ge 
and C and each of the strains and band offset amounts 
of the layers in the first embodiment. 

Rg, 2 shows how the lattice misfit (%) between the 
SiGeC layer and the Si layer changes with the concen- 
trations (%) of C and Ge respectively shown on the axis 
of abscissa and the axis of ordinate. The misfit zero line 
represents that the SiGeC layer and the Si layer are 
equal in lattice constant to each other. The lattice con- 
stant of a single crystal of Ge (germanium) is greater 
than that of a single crystal of Si. and the lattice con- 
stant of a single crystal of C (carbon) is smaller than that 
of a single crystal of Si. Accordingly, by adjusting the 
composition rates of Ge and C. the lattice constant of 
the SiGeC layer 1 4n can be made equal to that of the Si 
layer 13a 

Fig. 3 is a characteristic view illustrating the rela- 
tionship between the composition rates of three ele- 
ments Si. Ge. C and lattice fit. In Rg. 3. the three apexes 
represent the points where the respective concentra- 
tions of Si. Ge. C are equal to 1 00 % (the composition 
rates are equal to 1 ). Thus. Fig. 3 shows how the lattice 
misfit with respect to Si changes by adjusting the com- 
position of three-element mixed ,'crystal of the SiGeC 
layer. In Fig. 3. the hatched zone -s a composition zone 
which gives tensile strain to the SiGeC layer, and the 
solid line shows the conditions of composition of the 
respective elements under which the lattice misfit 
between the SiGeC layer and the Si layer is zero or 
under which the SiGeC layer and the Si layer are fitted 
in lattice for each other. The lattice constant of Ge is 
greater by 4.2 % than that of Si. and the lattice constant 
of C is smaller by 34.3 % than that of Si. Accordingly, by 
increasing the composition rate of Ge by 8.2 times of 
the composition rate of C. the lattice constant of the 
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SiGeC layer can be agreed with the lattice c nstant of 
the Si layer. 

In the SrGeC layer 1 4n of the first embodiment, the 
Ge concentration is equal to 8.2 % (x * 0.082) and the 
C concentration is equal to 1 % (y » 0.01). Accordingly, 5 
it is understood from Fig. 3 that the lattice misfit of the 
SiGeC layer i*n wtth respect to the Si substrate is zero 
and that the SiGeC layer. 1 4n and the Si layer 1 3n th er- 
ebetow have the same lattice constant 

Fig. 4 shows how the band offset value *iEc of the w 
conduction band and the band offset value AEv of the 
valence band at the interface between the SiGeC layer 
and the Si layer, are changed with the composition rate 
of C and the energy level respectively shown on the axis 
of abscissa and the axis of ordinate. In Fig. 4, the black is 
circles show the band offset values AEv of the valence 
band and the white circles show the band offset values 
AEc of the conduction band. In Fxj. 4. the original point 
of the energy is set to the energy value at the lower end 
of the conduction band of Si for the conduction band. 20 
and to the energy value at the upper end of the valence 
band of Si for the valence band. In Fig. 4. the solid lines 
correspond to the layer in which no strain is induced, 
while the dotted lines correspon d to the layer in which 
tensile strain is induced. 25 

As shown in Fig. 4. it is understood in the first 
embodiment that the band offset values of the conduc- 
tion and valence bands at the respective interfaces 
between the SiGeC layer (in which the conposrtion rate 
of C is equal to 0.01) and the Si layer, are respectively so 
300 meV and 0 meV. and that at the interlace between 
the SiGeC layer and the S layer, a cfiscontinuous por- 
tion is not formed in the valence band, but is formed only 
in the conduction band. In the SiGeC layer I4n of the 
first ernbodiment the composition rate of C is equal to 35 
0.01 . Accordingly, the SiGeC layer 1 4n and the Si layer 
I3n are fitted in lattice for each other. This prevents a 
defect such as dislocation or the Ike from being induced 
in the SiGeC layer I4n having a channel in which two- 
dimensional electron gas travels. That is. if the SiGeC <o 
layer I4n and the Si layer I3n therebeiow are misfitted 
in lattice tor each other, such a defect is induced in the 
SiGeC layer 14a 

In the first embo di ment a discontinuous portion is 
not formed in the valence band at the interface between 45 
the SiGeC layer 14o and the Si layer 13a Accordingly, 
positive holes cannot be confined in the SiGeC layer 
14a Therefore, the PMOS transistor using positive 
holes as carriers, utiEzec a heterojunction between the 
SiGe layer 1 5p and the Si layer 17p. The lattice constant so 
of the single crystal of SiGe is greater than that of the 
single crystal of Si. and the SiGe layer I5p is located 
above the SiGeC layer I4p fitted in lattice for the Si layer 
13a Accordingly, the band offset value in the valence 
band is large because of changes in band structure due ss 
to compressive strain. In this case. too. when an electric 
fiekJ is applied from the gate, positive holes are two- 
dimensjonafly confined (2DHG) by band inclination. 



thus lyrming a carrier accumulation layer. Therefore, me 
carrier accumulation layer in the SiGe layer i5p will 
result in a channel in which the positive holes travel at a 
high speed. 

According to the structure of the first ernbodim nt 
discussed in the foregoing, the NMOS transistor is 
arranged such that by adjusting the composition rates 
• of the respective elements^. Ge. C of the* SiGeC layer • 
i*n. the SiGeC layer i4n can i>e fitted in lattice for the 
S< layer !3n while maintaining the band offset value of 
the conduction band at a value sufficient to accumulate 
two-dimensional electron gas Thus, the NMOS transis- 
tor can achieve a high-speed operation utilizing the high 
carrier mobility of the two-dimensional electron gas in 
the SiGeC layer, yet providing a high reliability by reduc- 
ing the defect density. Since no discontinuous portion is 
formed in the valence band at the interlace between the 
SiGeC layer 14n and the Si layer 13n. the positive holes 
cannot be confined in the SiGeC layer 1 4n. However, by 
utilizing a heterojunction between the SiGe layer l5o 
and the Si layer 1 7p. there can be formed a channel for 
the PMOS transistor using positive holes as carriers, 
thus achieving a high-speed operation. 

By integrating the NMOS transistor high in Speed 
with the PMOS transistor high in speed using SiGe to • 
form band discontinuous portion in the valence band, 
there can be achieved a hig^-perforrnance HCMOS 
device. 

In the first ernboolmertt the Ge concentration is 
equal to 8.2 % and the C concentration is equal to 1 %. 
However, it is understood from Fig. 4 that to maximize 
the band discontinuous portion or band offset value aEv 
in the lattice-fit type, it is enough to increase the compo- 
sition rate of C. When such a large band offset value 
aEv is provided, the rwo-dtmensional electron gas 
(2DEG) confined in the heterointertace does not get 
over the heterointertace but travels in a stable manner 
even though the ele&on concentration is high. In par- 
ticular, the composition rate of C is preferably in the 
range from 0.01 to 0.03. In this range, there can be 
obtained, in both the non-strain and tensile strain types, 
a proper band offset value AEv (« -0.2 to -0.6) for form- 
ing a carrier accumulation layer in which the two-dimen- 
sional electron gas is to be confined. 

In the first embodiment the Ge concentration in the 
SiGe layer iSp is set to 30 %. Jo increase the band off- 
set value, however, the Ge concentration may be 
increased to increase the compressive strata 

Since the HCMOS device is formed on a Si sub- 
strate, the HCMOS device may be used for a circuit in 
which high speed is required, while a usual CMOS 
device formed on an active region having a single com- 
position of Si may be used tor other circuit. Thus, the 
HCMOS device having the arrangement above-men- 
tioned can be integrated with a MOS field-effect transis- 
tor directly formed on a Si substrate. As a device using 
SiGeC. p- and n-type transistors are not necessarily 
formed on the same substrate. Accordingly, the follow- 
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ing measure may be taken, for example, for an inte- 
grated circuit used for a mobile communication device. 
That is. an amplifier, a mixer or the like used in a high 
frequency region in which a high-speed operation is 
required. >s not required to form a complementary cir- 5 
curt. Therefore, such an amplifier, a mixer or the like is 
formed ot a MOS transistor using SiGeC of only ne of 
the p- and n-types (tor example, the n-type). A compo- 
nent which, is arranged to execute a digital signal 
processing and which is required to form a complemerv 10 
tary circuit, may be formed of a CMOS device using a 
single composition of Si. 

Referring to Fig. 5 (a) to Fig. 5 |f). the following 
description will discuss a method of producing the 
HCMOS device of the first embodiment. Fig. 5 (a) to Fig. is 
5 (0 are section views illustrating an example of the 
process for producing the HCMOS device shown in Fig. 
1. 

At the step shown in Fig. 5 (a), the p* and n-wells 
11, 12 are formed* by ion injection, on the silicon sub- 20 
strate 10. 

At the step shown in Fig. 5 (b), the Si layer 13 
including the 6 doped layer, the SiGeC layer 14 (Ge: 8.2 
%. C: 1 %). the SiGe layer 15 and the Si layer 17 are 
grown on the wells 11. 12 using a UHV-CVD method. 25 
The 6 doped and spacer layers which are actually 
formed, are omitted in Fig. 5 for convenience' sake. 

At the step shown in Fig. 5 (c). to electrically sepa- 
rate the PMOS and NMOS transistors from each other, 
a groove for trench isolation is formed and then embed- so 
ded with a silicon oxide layer, thus forming the trench 
isolation 20. This divides the Si layer 13. the SiGeC 
layer 14. the SK3e layer 15 and the Si layer I7n into (i) 
the Si layer 13n, the SiGeC layer I4n, the SiGe layer 
1 5n and the Si layer 17n for the NMOS transistor and (S) J5 
the Si layer I3p. the SiGeC layer I4p the SiGe layer 
1 5p and the Si layer 1 7p for the PMOS transistor. Then, 
the surfaces of the Si layers 17n, 17p are oxidized to 
form the gate insulating layers 19a I9p 

At the step shown in Fig. 5 (d). a polysilicon layer is 40 
deposited on the whole surface ot the substrate and 
then patterned to form the gate electrodes 18a I8p on 
the gate insulating layers 19n. I9p of the NMOS and 
PMOS transistors. With each of the gate electrodes 
I8n. I8p used as a mask, phosphorous ions (P+) are 45 
injected to form the source-drain layers I6n at the 
NMOS transistor side and boron ions (B+) are injected 
to form the source-drain layers I6p at the NMOS frarv 
sistor side. It is sufficient that the depth of the source- 
drain layers 16n of the NMOS transistor is deeper than so 
at least the carrier accumulation layer in the SiGeC 
layer I4n, and that the depth of the source-drain layers 
I6p of the PMOS transistor is deeper than at least the 
carrier accumulation layer in the SiGe layer I5p This is 
because channels are respectively formed in the carrier 55 
accumulation layers in the SiGeC layer I4n and the 
SiGe layer 15a 

At the step shown in Fig. 5 (e). openings are formed 



»n those portions of the gate insulating layers i9n 190 
abov the source-dram layers i6n. I6p. 

At the step shown in Fig 5 (f). the source-dram 
electrodes 2ln. 2ip are formed at the openings m the 
gate insulating layers I9n. i9p. 

Thus formed on the Si substrate 10 is an HCMOS 
device comprising the NMOS and PMOS transistors. 

According to the production method of the first 
• embodiment, different channels are. required to be 
formed in the NMOS and PMQS transistors. However, 
the crystals can simultaneously be grown tor both the 
NMOS and PMOS transistors. Thus, the HCMCS 
device can readily be produced. 

gecc-no" Emt^imenj 

According to the first embodiment, a field-effect 
transistor is formed using a SiGeC layer fitted in lattice 
for silicon. However, the second embodiment provides a 
transistor in which, within the range where the crystallin- 
tty is not deteriorated, strain is positively induced in a 
SiGeC layer and changes in band structure due to such 
strain are utilised. The second embodiment provides an 
HCMOS device in which the PMOS and NMOS transis- 
tors according to the first embodiment in Fig. 1 are real- 
ized in a single transistor. 

Fig. 6 (a) to Fig. 6 (c) are views respectively illus- 
trating a crystal structure in which compressive strain is 
induced in the SiGeC layer, a crystal structure in which 
the SiGeC layer is fitted in lattice for the Si layer (with no 
strain induced) and a crystal structure in which tensile 
strain is induced in the SiGeC layer. As shown in Fig. 6 
(a), when the lattice constant of the SiGeC layer is 
larger than that of the Si layer, compressive strain is 
induced in the SiGeC layer to increase the band gap 
value between the lower end of the conduction band 
and the upper end of the valence band in the SiGeC 
layer. On the other hand, as shown in Fig. 6 (c), when 
the lattice constant of the SiGeC layer is smaller than 
that of the Si layer, tensile strain is induced in the SiGeC 
layer to reduce the band gap between the lower end of 
the conduction band and the upper end of the valence 
band in the SiGeC layer. More specifically, the strain of 
the SiGeC layer causes the band structure to be 
changed. Thus, such effect can positively be utilized to 
change the band offset value of the Si layer or the like 
adjacent to the SiGeC layer. 

Even though the lattice constant of the SiGeC layer 
is shifted from the lattice constant of the Si layer, it is 
possible to effectively prevent the transistor from being 
lowered in reliability due to the occurrence of crystal 
defects such as dislocation or the like, by setting the 
thickness of the SiGeC layer to such a level that no lat- 
tice relaxation occurs and that strain is accumulated. 

Fig. 7 (a) and Fig. 7 (b) are. respectively, a view of 
band structure and a section view of a channel region of 
the field-effect transistor of the second ernbodiment By 
growing a Si layer I3n on a Si substrate and then 
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growning a SiGeC layer Un (Ge: 10 %. C: 4 %) in which 
the composition rate of C is beng increased, the SiGeC 
, layer 1 4n can be arranged such that its band gap value 
■s large and its lattice constant is small. Then, the thick- 
ness of the SiGeC layer I4n is reduced to such an 5 
extent that no lattice relaxation occurs and strain is 
accumulated. Accordingly, tensile strain is induced in 
the SiGeC layer 1 4n. in addition to the effect of increas- 
ing the Band gap value due to ah increase in the cbmpo- * 
sition rate of C. the tensile strain in the SiGeC layer Mn 10 
increases the band offset value in the conduction band 
at the interface between the SiGeC layer I4n and the Si 
layer I3n. This improves the efficiency at which two- 
dimensional electron gas (2DEG) is confined. 

Further, since the SiGeC layer I4n is not relaxed in is 
lattice, the lattice constant of the top thereof is identical 
with the lattice constant of the Si layer 1 3n. Accordingly, 
when a SiGe layer 1 Sp is grown on the SiGeC layer 14a 
compressive strain is induced in the SiGe layer I5p 
because the lattice constant of the SiGe layer I5p is 20 
larger than that of the Si layer 1 3n. 

According to the semiconductor device of the sec- 
ond embodiment tensile strain is induced in the SiGeC 
layer I4n and compressive strain is induced in the SiGe 
layer I5p. Accordingly, the band offset value of the con- 2s 
duction band at the interlace between the SiGeC layer 
I4n and the Si layer I3n is large, and the band offset 
value of the valence band at the interface between the 
SiGe layer I5p and the Si layer I7p is large. When this 
transistor is used as an NMOS transistor, a channel 30 
formed m the SiGeC layer I4n may be utilized. When 
this transistor is used as a PMOS transistor, a channel 
formed in the SiGe layer 15p may be utilized. Thus, 
there can be formed an HCMOS device having chan- 
nels different in position, while having a common gate as 
electrode and common source-drain regions. 

By properly setting the thickness of each of the lay- 
ers, there can be obtained an HCMOS device having a 
f iew-effect transistor unit which is free from dislocation 
or defect due to lattice misfit and which is high in relia- 40 
bility resulting from good crystaUinfty. 

The broken tines in Fig. 4 show the composition in 
which tensile strain of 0.25 % is induced in me SiGeC 
layer I4n in the second embodiment Generally, when 
the composition rate of Ge in the SiGeC layer is 8.2 43 
times of the composition rate of C. the SiGeC layer is fit- 
ted in lattice for the Si layer. Accordingly, when the com- 
position rate of Ge is smaller than 8.2 times of the 
composition rate of C. tensile strain can be induced in 
the SiGeC layer I4n. It is now supposed that the com- 50 
position rate of C is set toy. When the Ge composition 
is set to <82y - 0.12). the lattice constant of the SiGeC 
layer I4n can be made smaller by 0.25 % than that of 
the Si layer I3n. 

As shown in Rg. likewise in the non-strain type, a ss 
band discontinuous portion is not formed in the valence 
band at the interface between the SiGeC layer I4n and 
the Si layer 13n. and is formed onry in the conduction 



band. When the C concentration is not greater man ->\ 
the band offset value of the conduction band is substan^ 
tialry equal to that of the non-strain type. Thus even 
though the ratio of the C concentration to the Ge con- 
centration deviates from the value satisfying the condi- 
tion of lattice fit. there can be obtained transistor 
characteristics substantially equal to those of the lattice- 
fit type. This means that a certain latitude is allowed *\ 
* the condition in view of control of C concentration and 
Ge concentration when growing the SiGeC layer I4n 
This facilitate the crystal growth of the SiGeC layer 
When the C concentration is not less than 2 %. me band 
offset value can be made greater than in the non-strao 
type with the same C concentration. It is therefore p s- 
sible to comply with a circuit requiring a greater band 
offset value 

The second embodiment is arranged such that th 
lattice constant of SiGeC is smaller than that of Si. How- 
ever, since the thickness of the SiGeC layer is set such 
that no lattice relaxation is induced and strain is accu- 
mulated, there is no possibility of the transistor being 
lowered in reliability due to crystal defect such as dislo- 
cation or the like. 

Third Embodiment 



According to the first embodiment mentioned ear- 
lier, there is formed, at the channel region of each field- 
effect transistor, a heterostructure in which the SiGeC 
layer is fitted in lattice tor the Si layer, and electrons or 
positive holes are confined in the band discontinuous 
portion at the heterointerface such that the electrons or 
positive holes are used as carriers. 

According to a third embodiment, there is formed a 
transistor in which a carrier confining region is not 
formed at a heterointertace. and in which a quantum 
well structure of Si/SiGeC or Si/SiGe/Si is termed such 
that a quantum well (SiGeC. SiGe) held by and between 
barrier layers serves as a channel. 

Fig- 8 is a section view of an HCMOS device 
according to the third embodiment This HCMOS device 
has a CMOS-device structure in which NMOS and 
PMOS ransistors are formed on a Si substrate 30. This 
structure in Fig. 8 is the same as that of the HCMOS 
device in fig. 1 in that a p-wefl 31 and an n-wefl 32 are 
formed on the Si substrate 30 and that there are respec - 
tively formed, on the p- and n-weils 31.32, frstSi layers 
33n, 33p each having a 6 doped layer doped with a V- 
tamHv e,ement « nigh concentration. However, the 
PMOS and NMOS transistors on the first Si layers 33n. 
33p are different from those in the first embodiment 

in the NMOS transistor, a SiGeC layer 34n having 
such a composition as to fit in lattice for the first Si layer 
33n. is formed on the first Si layer 33n. and a second Si 
fey* 35n is laminated on the SiGeC layer 34a In the 
third embodiment, a quantum well region (SiGeC layer 
34n) held by and between two band discontinuous por- 
tions is present in the conduction band extending over 
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the first Si layer 33n, the SiGeC layer 34n and the sec- 
ond Si layer 35n. Acc rdingly. a carrier accumulation 
layer fa confining two-dimensional electron gas (20EG) 
serving as a carrier is formed in the SiGeC lay r 34n 
which is a quantum well region (See the band illustra- 
tion at the right hand m Fig. 8). More specifically, a 
channel is formed m the SiGeC layer 34n when the 
NMOS transistor is operated. A thin SiGe layer 36n and 
a third Si layer 37n are successively formed on the sec- 
ond Si layer 35n. 

According to the arrangement above-mentioned, 
likewise in the first embodment a channel tor moving 
carriers is formed in the SiGeC layer 34 n higher in elec- 
tron mobility than the Si layer. Thus, there can be 
obtained an NMOS transistor high in operational speed. 
In addition, since the SiGeC layer 34n serving as a 
quantum well layer is thin, the third embodiment is 
improved in carrier confining efficiency as compared 
with the first embodiment and can be achieved using a 
layer small in mixed-crystal ratio. This restrains factors 
of deteriorating the mobility of electrons serving as a 
carriers. The factors include carrier scattering due to the 
deterioration in regularity of the crystal structure result- 
ing from mix-crystallization. 

The PMOS transistor is the same as the NMOS 
transistor in that there are successively formed, on the 
first Si layer 33p. a SiGeC layer 34p having such a com- 
position as to fit in lattice for the first Si layer 33p. a sec- 
ond Si layer 35p. a thin SiGe layer 36p and a third Si 
layer 37p. In the PMOS transistor, however, there is 
formed a quantum well region (SiGe layer 36p) held by 
and between two band discontinuous portions in the 
valence band extending over the second Si layer 35p, 
the SiGe layer 36p and the third Si layer 37p. and there 
is formed, in the quantum well region, a carrier accumu- 
lation layer for two-dimensionaliy confining positive 
holes serving as carriers. More specifically, when the 
PMOS transistor is operated, a channel is formed in the 
SiGe layer 36p. In the SiGe layer 36p. too, the mobility 
of positive holes is higher than in the Si layer. This ena- 
bles the PMOS transistor to be operated at a high 
speed. 

In the NMOS and PMOS transistors, gate insulating 
layers 39n. 39p comprising silicon oxide layers are 
formed on the substrate, and gate electrodes 38n. 38p 
are tormed on the gate insulating layers 39a 39p 
Source-drain layers 42n. 42p are formed at the both 
sides of the gate electrodes 38n. 38p. and source-drain 
electrodes 4ln. 4lp come in contact with the tops of the 
source-drain layers 42n. 42p It is a matter of course 
that, in the NMOS and PMOS transistors, the respective 
travels of electrons and positive holes in the SiGeC 
layer 34n and the SiGe layer 36p are controlled by volt- 
ages respectively applied to the gate electrodes 38n. 
38p. 

Formed between the NMOS and PMOS transistors 
is a trench isolation 40 formed by embedding an isola- 
tion groove with a silicon oxide layer. This trench isola- 



tion 40 electrically separates the NMOS and PMCS 
transistors from each other. < 

Likewise in the first embodiment, the HCMOS 
device of the third embodiment has the SiGeC layer 34n 

5 which is fitted in lattice for the Si layer and which serves 
as a quantum w II region, and there is tormed. in the 
SiGeC layer 34n, a channel in which electrons travel 
The SiGe layer 36p serving as a quantum well region is 

■ • formed in the PMOS transistor and there is formed in . 
.ro the SiGe layer 36p a channel m which positive holes 
travel. Accordingly, a high-performance HCMOS can be 
achieved by integrating the NMOS and PMOS transis- 
tors each high in switching speed using a quantum weJi 
structure high in carrier confining efficiency. 

i5 According to the third embodiment the HCMOS 
device may be used for a circuit in which high speed of 
a transistor is required, while a usual CMOS device 
formed on a Si substrate may be used for other circuit. 
Also, the HCMOS device can be integrated with a MOS 

20 field-effect transistor directly formed on a Si substrate 
The channels of both the NMOS and PMOS tran- 
sistors are not necessarily formed in the quantum well 
regions. 

Referring to Fig. 9 (a) to Fig. 9 (f). the following 

25 description will discuss a method of producing the 
HCMOS device according to the third embodiment Fig. 
9 (a) to Fig. 9 (f) are section views illustrating an exam- 
ple of a production process for embodying the HCMOS 
device shown in Fig. 8. 

30 First an outline of the production process will be 
given. When growing the SiGeC layer 34. the second Si 
layer 35 and the SiGe layer 36. the thickness of each of 
the SiGeC layer 34 and the SiGe layer 36 is made not 
greater than 1 0 nm. for example 3 nm, such that each of 

35 the layers 34. 36 serves as a quantum well structure. 
Other portions are formed at steps similar to those 
shown in Fig. 5 (a) to Fig. 5 (f). 

At the step snown in Fig. 9 (a), the p-weii 31 and the 
n-wetl 32 are formed on the Si substrate 30 by ion injec- 

40 tion. 

At the step shown in Fig. 9 (b). there are succes- 
sively grown, on the p- and n -wells 3 1 . 32. a first Si layer 
33 including a 6 doped layer, a SiGeC layer 34 (Ge 36 
%. C: 4 %). a second Si layer 35. a SiGe layer 36 and a 

45 third Si layer 37. using a UHV-CVO method. 

At the step shown in Fig. 9 (c). to electrically sepa- 
rate the PMOS and NMOS transistors, a trench isolation 
groove is formed and then embedded with a silicon 
oxide layer for forming the trench isolation 40. This 

so divides the first Si layer 33. the SiGeC layer 34. the sec- 
ond Si layer 35. the SiGe layer 36. the third Si layer 37 
and the gate insulating layer 39. into (i) the first Si layer 
33n. the SiGeC layer 34n. the second Si layer 35n. the 
SiGe layer 36n and the third Si layer 17n tor the NMOS 

55 transistor and (ii) the fret Si layer 33p. the SiGeC layer 
34p. the second Si layer 35p. the SiGe layer 36p and the 
third Si layer 37p for the PMOS transistor. Then, the sur- 
faces of the third Si layers 37n. 37p are oxidized to form 
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the gate insulating layers 39n. 39p. 

At th step s>K>wn in Fig. 9(d). the gate electrodes 
Jan. 38p are formed. Then, the source-drain reg IO ns 
42n are formed by injection of phosphorous ions (P*) 
for the NMOS transistor, and the source-drain regions 
42p are formed by injection of boron ions (B+) for the 
PMOS transistor. It is sufficient that the depth of the 
source-drain regions 42n of the NMOS transistor is 
deeper than the depth of at least the SiGeC layer 34n 

a^tmedepmofmesource^ainregions^Zpofthe 
PMOS transistor is deeper than the depth of at least the 
SiGe layer 35p. This is because channels are respec- 
tively formed in the SiGeC layer 34n and the SiGe layer 
3 op. 

At the step shown in fig. 9( e ). the gate insulating 
layers 39n. 39p are patterned to form openings in those 
portions of the gate insulating layers 39n. 39p above the 
source-drain regions 42n. 42p. 

At the step shown in fig. 9 (e ). the source-drain 
fonwad 410 ' 41P 3re tefmed at •» openings thus 

an abovwn * rton «». there * termed 

an HCMOS device comprising the NMOS and PMOS 
transistors according to the third embodiment 

According to the production method of the third 
embodiment there is readily formed an HCMOS device 
-n whchttie channel in the NMOS transistor is formed 
by the SGeC layer 34n of the quantum wel structure 

If ow^ hetef ° ilTC,i0n ' and in the channel in 
the PMOS transistor is formed by the SiGeC layer 36p 
of the quantum wed structure utilizing a heterejunction 
Further, according to the production method of the third 
embodiment, different channels are required to be 
formed for the NMOS and PMOS transistors. However 

22? £T ^ neOUS>y ^ 9'°™ ><* both the 
NMOS and PMOS transistors. Thus, the HCMOS 
device can readily be produced. 
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Fourth Embodiment 

a .ill 9 1° * 8 SeCt> ° n vie " Bustfa «"9 the structure of 
a new-effect transistor according to a fourth entxxfi- 
ment of the present inventioa This fourth embodiment 
Pfovrtes a structure having a source-drain contact suit- 
able tor a heteroiunctton field-effect transistor 

ma H AS J h T in r,g - 10 ' «• on a well S1 

made of a S. layer, a SiGe buffer layer 52. a 6 doped 

*Z * ,3yef **■ "fennel layer 67. an i- 
S. layer 55. an i-Si^Ga, layer 56. an i-Si layer 57 and a 
gate isolating layer 58. A gate electrode 65 is termed 
on the gate insulating layer 58. Source-drain contact W 
layers 6f and Al soure**** electrodes 63 are succes- 
swely termed on the i-Si^Ge, layer 56 at both lateral 
sjesof the gate electrode 65. At both sides of the gate 
elecuode 65. source^ain regions 59 are formed as 
extending over a portion of the SiGe buffer layer 52 the 

layer 67. the i-S, layer 55. the i-Si^Ge, layer 56 and the 



£ ^/LL^ *V« 66 * emoedded ,n 

me space between me gate electrode 65 ana me ai 
source-dram electrodes 63. 

• o, J*? 1?" < T ng aeschpbon «**«s the struaure 
- o' the field-effect transistor above-mentioned 

m me SiGe buffer layer 52. the Ge concentrat>on <s 
increased m me vertical direction from the tower end of 
me layer 52 toward me toper end. thereof. The SiGe 
buffer layer 52 has a m**ness sufficient to relax ml ' 
!^ x f ^'"^andmeretorehasa lattice 
22*?„ T ** * * ua "9 a strain 

■aver ». When, without using such a SiGe buffer laver 

15 an ^ n ' a ^ e - mwe «^»"«erojunaionot^ 
a ^f Ge layers wrth me S layer frtted ,n lattice tor me & 
substiate a great discontinuous portion increased in 
level difference « formed in me valence band, but a dis- 
porton ishanffy formed in me conduction 

» electron gas to term an n-ehannel. 

The G« concentration in me SiGe buffer layer 52 
fer example, from 0 % to 30 % continuous 0, 
9«dually«stepsofminlayerportfons.Atmi s time pro- 
,< ^IT** *** ***** 'eiaxaton occurs in each 
oXK^^ ,me ^ ec0ns,arto '^SiGe . 
^^52 at itstoplayer portion is identical with me 
«tice constant of me orignal single crystal Si^Ge,,, 
Theobject of changing me concentration in the vertical 

e ^ exer1edon a channe ' ,hereo ^ »ys- 

W defect including dislocation or me like caused by lat- 
tice relaxation. The entire thickness of the SiGe buffer 
layer 52 s required to be about 1 urn. 

layer 54 made of Siq 7GeQ 3 including no impurity. A ear- 
ner accumulation layer is termed at a discontinuous por- 
ton of a conduction band which is formed at me 
heterwntenace between me spacer layer 54 and me .-Si 
layer 55 thereon. This earner accumulation layer serves 

fJ2 e J^ rt67in ^e»«^aretwodimen- 
aonally confrted. 

^The 6 doped layer 53 is a layer doped with a V-faro- 

JZHT *** 8S P W * n concentration for 
. ^^"9 electrons serving as carriers to the n-channel 
5 67 108 «Pacer layer 54 on me 6 doped layer 53 is com- 
Posad of Sio.TGeo j doped wrth no impurity, and spa- 
tially separates the carrier electrons in the n-channel 67 
from the ens in the 6 doped layer 53 from each other. 
This lowers me scattering of me carrier electrons by the 
» ions, thus improving me mobility. As me spacer layer 54 

* "creased in thickness, me earner scattering effect by 
•on«d impurity is towered. However, as me spacer 
fcyer 54 is increased in thictetess. the carrier density is 
towered. Therefore, me thickness of me spacer laver 54 

55 is preferably set to about 3 nm. 

. ^i!" Si, « Ge »' ayer 56 layer 57 form a 

level difference in the valence band at me heterointer- 
lace to term a p-channel 65. Here, x is preferably set to 
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about 0.7. 

The gate insulating layer 58 insulates the gate elec- 
trode 65 from the semiconductor layer tnerebelow to 
lower the gate leakage current, thus enabling the tran- 
sistor to be lowered in power consumption. An oxide 5 
layer formed by oxidizing the i-Si^Ge, layer 56 is 
water-soluble and unsteady. Therefor . in the SiGe 
field-effect transistor, too. a silicon oxide tayer is prefer- 
ably used as a gate insulating layer. In a Si heterojunc- 
tion MOS device, therefore, the semiconductor iayef w 
immediately below the gate insulating layer rs preferably 
a Si tayer. 

More specifically, each of the field -effect transistors 
according to the tourth embodiment comprises a chan- 
nel region formed by the lamination layers above-men- \s 
tioned. the source-drain regions 59 shown by the 
broken tines in Rg. 10. the Ai source-drain electrodes 
63 for introducing and taking out an electric current for 
operating the transistor, and the gate electrode 65 for 
applying a voltage for controlling the electric current. 20 
When this field-effect transistor is to be used as an n- 
channei field-effect transistor, a vottage is applied to the 
gate electrode 65 such that the rvchannef 67 is formed. 
When this field-effect transistor is to be used as a p- 
channet field-effect transistor, a vottage is applied to the 25 
gate electrode 65 such that the p-channet 68 is formed. 

The fourth embodiment is characterized by com- 
prising channel regions, source-drain regions and 
source-drain contact layers. The channel regions com- 
prise a first semiconductor tayer including a Sit.,. 30 
y Ge,C y layer (03x51, OSysi), a second semiconductor 
layer different in band gap from the first semiconductor 
layer, and a carrier accumulation layer formed in the 
vicinity of the interface between the first and second 
semiconductor layers. The source-drain regions com- 35 
prise a third semiconductor tayer and a fourth semicon- 
ductor layer greater in band gap than the third 
semiconductor tayer. The source-drain contact layers 
are made of conductive layers which are low in resist- 
ance and which are formed immediately above the third 40 
semiconductor layer. 

When using the field-effect transistor according to 
the fourth embodiment as an n -channel f ieW-effect tran- 
sistor, the i-Si layer 55 serves as the first semiconductor 
layer (x»y*0) including a S^^Ge^Cy layer (03x51. 45 
Osysi), the SiGe buffer layer 52 serves as the second 
semiconductor tayer. the i-Si Vx Ge z layer 56 serves as 
the third semiconductor layer, the i-Si layer 57 serves as 
the tourth semiconductor layer greater in band gap than 
the t-Si^Ge, layer 56. and the source-drain contact W so 
layers 61 are formed immediately above the i-Si 1 .«Ge t 
layer 56 serving as the third semiconductor layer. 

When using the field-effect transistor according to 
the fourth embocfiment as a p- channel field-effect tran- 
sistor, the i-Si^Ge, layer 56 serves as the first semi- 55 
conductor layer (y«0) including a Sii.,. y Ge,Cy layer 
{03x31. 03y3i) and also as the third semiconductor 
layer, the i-Si layer 57 serves as the second semicon- 



ductor layer and also as th fourth semiconductor layer 
greater in band gap than the third semiconductor layer 
and the source-drain contact W layers 61 are formed 
immediately above the i-S*,. t Ge I layer 56 serving as the 
third semiconductor layer. 

As discussed in the foregoing, this embodiment is 
arranged such that those r gi ns ot the substrate which 
come in contact with the AI source-dram electrodes 63. 
are formed in a semiconductor layer which is smaller m 
band gap out of the semiconductor layers for forming a 
channel. The tourth embodiment is arranged such that, 
at the heteromterface between the >-S layer 57 and the 
i-Sii.,Ge s layer 56 for forming the p*cnannei. the 
source-drain contact W layers 61 are formed immedi- 
ately above the i-Si^Ge, layer 56 smaller in band gap 
As compared with the arrangement in which the source- 
drain contact W layers 61 are formed immediately 
above the uppermost semiconductor layer or i-Si layer 
57. this reduces the contact resistance, enabling the 
transistor to be operated at a high speed with lower 
power consumption. 

When metal (AI in this case) is deposited after W 
has been grown on the Sio.7Ge 0 .3 layer on the Si layer, 
contacts very low in resistance can be obtained. Such 
contacts using the SiGe layer are lower in resistance by 
one digit than low-resistance contacts obtained using a » 
silicide technology which are generally used as low- 
resistance contacts in a CMOS device of prior art (IEEE 
Electron Device Letters. Vol. 17. No. 7. 1996 pp 360). 

According to the paper above-mentioned, the SiGe 
layer is grown for forming source-drain electrode con- 
tacts. However, when the contacts are formed on the 
SiGe layer for channel formation as done in the tourth 
embocfiment it is not required to newly grow a SiGe 
crystal to improve the productivity, as will be apparent in 
the transistor producing method to be discussed later. 

According to the^Tourth ernbodiment the HCMOS 
device may be used tor a circuit in which high speed of 
a transistor is required, while a usual CMOS device 
formed on a Si substrate may be used tor other circuit. 
Such HCMOS device can be integrated with a MOS 
field-effect transistor directly formed on a Si substrate. 

The following description will discuss a method of 
producing the field-effect transistor according to the 
fourth embodiment. Fig. 1 1 (a) to Fig. 1 1 (e) and Fig. 12 
(a) to (e) are section views illustrating an example of the 
steps of producing the field-effect transistor shown in 
Fig. 10. 

At the step shown in Fig. 1 1 (a), prior to epitaxial 
growth for channel formation, the p- and n-wells 5 in. 
5tp serving as the groundworks of NMOS and PMOS 
transistors are formed on a silicon substrate 50 by ton 
injection. 

At the step shown in Fig. 1 1 (b). prior to epitaxial 
growth on the substrate, the substrate is cleaned using 
an RCA cleaning method or the like, thereby to remove 
impurity on the surface. Thereafter, the surface oxid 
layer is removed and the substrate is then inserted into 
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an epitaxial growth apparatus. In a vacuum, the sub- 
strate is heated to obtain a clean surface. Through epi- 
tdxial growth, semiconductor layers for forming a 
channel region are formed on the dean surface. These 
semiconductor layers include the SK3e buffer layer 52. 5 
the 6 doped layer 53. the spacer layer 54. the n-channel 
67. the i-Si layer 55. the i-Si^Ge, layer 56. the p-chan- 
nel 68. tne 1-S1 layer 57 and the like. For convenience* 
sake/the" 6 doped layer 53. the spacer layer 54. the n- ' 
channel 67 and the p-channel 66 are not shown. The u> 
following description will discuss how the respective 
semiconductor layers are formed. 

As a method of growing semiconductor layers, 
there can be used an MBE method using a solid source 
and a UHV-CVD method using a gas source. According 13 
to the UHV-CVD method, the atmosphere in the appara- 
tus is first brought to a super-low gas pressure (about 
10" 10 Torr). After a source necessary tor crystal growth 
is introduced into the vacuum container, a crystal is 
grown in a vacuum when the degree of vacuum reaches 20 
about 10' 5 - 10' 6 Torr. 

According to the fourth embodiment, too, when the 
degree of vacuum in the vacuum container becomes 
sufficiently tow after a dean surface is formed on the 
substrate by the method above-mentioned, the sub- 25 
strate temperature is set to about 500 - about 700* C 
for growth of semiconductor crystal layers. Changes in 
substrate temperature exert an influence upon the crys- 
tal quality such as changes in imposition rate of a sin- 
gle semiconductor crystal layer. Accordingly, the 30 
substrate temperature is basically not changed while a 
single layer is being grown. When the substrate temper- 
ature becomes not less than 800* C. interdiffusion of Ge 
and Si occurs. This is disadvantageous in view of dete- 
rioration in sharpness and strain relaxation to deteno 35 
rate the channel characteristics. Therefore, the growth 
temperature is set to not greater than 700*C as men- 
tioned earlier. 

Crystal growth is conducted by introducing source 
gas necessary for crystal growth into a vacuum con- 40 
tainer brought to a super-tow gas pressure. As the 
source gas tor crystal grow*, disilane is used tor growth 
of a Si layer. For growing a SiGe layer, germane is used 
as a Ge source gas in adcf tion to the source gas such 
as cfisilane tor growing a Si layer. At fts time, by adjust- «s 
ing the ratio of partial pressures d the respective source 
gases, the composition rates of Si and Ge in the SiGe 
layer can be controlled. The gas flow amount is adjusted 
such that the degree of vacuum is in the range of about 
10* 5 - about 10 6 Ton. 50 

First a plurality of SiGe layer portions in which the 
composition rates are being graduafty changed and 
which are being relaxed in lattice, are laminated to farm 
the SiGe buffer layer 52. To graduaffy change the com- 
position rate, the ratio of the partial pressures of the Si 55 
source gas and the Ge source gas is gradually 
changed. 

T form the 6 doped layer 53. a dopant gas such as 



arsine or phosprnne is introduced into the vacuum con- 
tainer together with disilane and germane. 

H impurity introduced into th 6 doped layer 53 $ 
mixed with th spacer layer 54. the transistor is deterio- 
rated in characteristics. Accordingly, after the dopant 
gas is introduced into the vacuum container, the supply 
of the source gas is once stopped. After the degree f 
yacugm. i$ sufficiently lowered, .the gas for growing the. 
spacer layer 54 is then introduced for growing the 
spacer layer 54. Provision is made such that the spacer 
layer 54 has a urutorm composition of S*o 7Ge 0 3 The 
spacer layer 54 is grown with the disilane and germane 
flow amounts fixed. 

After the growth of the spacer layer 54. the supply 
of the source gas is stopped. After the degree of vac- 
uum is sufficiently lowered, only disilane is introduced 
into the growth chamber tor growing the i-Si layer 55 
doped with no impurity. 

After the growth of the i-Si layer 55. disilane and 
germane are again introduced into the growth chamber 
for growing the i-Si^Ge, layer 56. The Ge concentra- 
tion is set to 70 V After the growth of the i-Si^Ge, 
layer 56. the supply of the source gas is once stopped. 
Then, after the degree of vacuum is sufficiently lowered, 
only disilane is introduced into the growth chamber for 
growing the i-Si layer 57. 

With the foregoing, the process of eprtaxiairy grow- 
ing the semiconductor layers forming a channel region 
is finished. 

At the step shown in Fig. 11 (c). the substrate is 
taken out from the UHV-CVD apparatus and introduced 
into a thermal oxidation furnace where the surface of 
the uppermost i-Si layer 57 is oxidized to form the gate 
insulating layer 58 made of a silicon oxide layer. 

At the step shown in Fig. 11 (d), gate electrodes 
65n. 65p are formed on the gate insulating layer 58. The 
gate electrodes 65a 65p are formed in a manner similar 
to that in a CMOS device of prior art More specifically, 
a pdysilicon layer is deposited and. after impurity is 
introduced by ion injection, the poiysibcon layer is pat- 
terned to torm the gate electrodes 65n. 65p by dry-etch- 
ing. Ions of boron fluoride (BF 2+) can be used as 
impurity tons. At the stage where the polysilicon layer for 
gate electrodes is deposited, the source-drain regions 
are not formed yet 

At the step shown in Fig. 1 1 (e). with the gate elec- 
trodes 65n, 65p serving as masta. impurity ions serving 
as a dopant are injected into the substrate to torm the 
source-drain regions 59a 59p. Then, etching is con- 
ducted to remove the oxide layer exposed onto the sub- 
strate tor forming contacts. At the time of ion injection, 
the ton accelerating voltage is selected such that the 
peak of impurity distribution is located in the contact lay- 
ers which come in contact with source-drain electrodes. 
As impurity ions to be injected, ions of arsenic (As +) or 
phosphorous (P ♦) of the n-type impurity are used for 
the NMOS transistor region, and boron ions (B 4-) of the 
P-type impurity are used tor th PMOS transistor 
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region. It is therefore required to conduct, using respec- 
tively different masks, ion injection tor forming the 
source-dran regions 59n for the NMOS transistor and 
<on injection tor faming the sourc -dram regions 59p for 
the PMOS transistor. 

immediately after ion injections, an annealing 
processing is executed for activating me impurity. It is 
however preferable to execute RTA (rapid thermal 
• annealing) for a short period of time (30 seconds) at 
about 1000*C such that no interditfusion of Si and Ge 
occurs at the heteromtertace and that no defect is 
induced in a crystal m the course of relaxation of strain 
present in the Si/SiGe type. 

At the step shown in Fig. 1 2 (a), a photoresist mask 
(not shown) is formed again on the substrate and the 
region between the NMOS transistor forming region and 
the PMOS transistor forming region is excavated in 
depth deeper than at least the channel region, thus 
forming a transistor isolation groove 71. 

At the step shown in Fig. 12 (b). a first insulating 
layer 72 is deposited on the entire surface of the sub- 
strate including the groove 71. To avoid the execution of 
a high-temperature process, it is preferable to use a 
TEOS layer or the tike which can be formed at a temper- 
ature of not greater than SOO'C using a plasma CVD 
method. At this time, a trench isolation 73 is formed by 
the insulating layer embedded in the groove 71 . 

The source-drain contacts which constitute a char- 
acteristic feature of the fourth embodiment, are then 
formed in the following steps. However, the steps of 
forming the structure in Fig. 10 are riot limited to the fol- 
lowing steps. 

To maximize the effect produced by the fourth 
embodiment, there is required the presence of a spe- 
cific very thin semiconductor layer which ultimately 
serves as the ground of the contacts. In this connection. 
i-Sii.,Ge s layers 56n, 56p are selected as the specific 
semiconductor layer serving as the ground, and the 
substrate is etched until the i-Si^Ge, layers 5€n. 56p 
are exposed. To expose the i-Si^Ge* layers 56n. 56p. 
it is preferable to apply wet-etching high in selectivity. 
However, the wet-etching is poor in anisotropy and is 
not suitable for miao-machtning. ft is therefore prefera- 
ble to execute wet-etching after executing dry-etching to 
selectively remove those regions of the first insulating 
layer 72 at which source-drain electrodes will be 
formed, thus forming contact holes to cause gate insu- 
lating layers 58a 58p to be exposed. The following 
steps may be conducted as an example of such a proc- 
ess. 

To remove the uppermost oxide layer (gate insulat- 
ing layers 58n. 58p). a solution of the hydrofluoric acid 
type is used as wen known. When i-Si layers 57n. 57p 
are exposed, the etchant of the hydrofluoric acid type 
which hardly removes silicon, is changed to an etchant 
capable of removing the i-Si layers 57a 57p. According 
to the fourth embodiment, contacts are formed in the i- 
Si^Ge, layers 56a 56p below th i-Si layers 57n. 57p. 



Accordingly, ther is selected an etchant wmcn hardly 
etches the i-Si^Ge, layers 66n, 56p but seiecnveiy 
etches th i-Si lay rs 57n. 57p. Using this etchant. the »- 
Si layers 57n. 57p are removed and the i-Si,.<Ge, layers 

5 56n. 56p are exposed. At this time, portions of tne i-Si,. 
,Ge T layers 56n, 56p may b removed due to over - e ten - 
mg. As mentioned earlier, th i-Si 1 . I Ge 1 layers 56n 56p 
are formed through epitaxial growth tor forming an n- 
• cnannef in the channel regron of the NMOS transistor 

jo Accordingly, the fourth embodiment eliminates a step of 
growing new i-Si^Ge, layers 56n. 56p for fcrmtng con- 
tacts low in resistance using SiGe layers. 

To form contacts, a metallic layer low in resistance 
is deposited on the exposed i-Si,. x Ge x layers 56n. 56o. 

i5 When tungsten (W) is used as the metallic material of 
the metallic layer, there can be formed contacts 
extremely low in resistance. According to the fourth 
embodiment with the temperature set to 400 # C. 
source-drain contact W layers 61 n, 6lp are selectively 

20 grown on the i- Si v^Ge, layers 56n. 56p using, as a 
source gas. gas obtained by diluting WF6 by hydrogen. 

At the step shown in Fig. 12 (a), the substrate ts 
subjected to sputtering to cause an Al alloy layer to be 
deposited on the whole surface of the substrate, and is 

25 then patterned to form Al source-cram electrodes 63n.> 
63p. With the steps above-mentioned, contacts low in 
resistance can be formed on the source-drain regions. 

As mentioned earlier, a Si heterojunction-MOS 
device uses a silicon oxide layer as a gate insulating 

30 layer. Accordingly, the uppermost semiconductor layer 
is preferably a Si layer having a great band gap. Thus, 
the technology of forming a contact metallic layer after a 
semiconductor layer has been removed as done in the 
fourth embodiment is particularly suitable fa forming a 

35 Si heterojunction MOS device. 

Fifth Embodiment 

in the fourth embodiment there is taken, as a rep- 

40 res entati ve example, a channel structure using a heter- 
ojunction of Si and SiGe. The invention in which 
contacts tow in resistance are formed in source-drain 
regions of an HCMOS device, is not limited to the fourth 
embodiment According to the invention, there may b 

45 used a channel formed between Si and a heteroepitax- 
ial lamination layer having a structure other than the 
lamination structure of , SiGe in the fourth embodiment. 
For example, there rray be used a channel formed 
between Si and a mixed crystal semiconductor of Sij. x . 

so yGe.Cy (Osxsi. Osysi). To form a channel at the heter- 
ointerface. two kinds of semiconductors different in 
band gap are always required. Accordingly, the forma- 
tion of such a contact layer low in resistance is effective. 
Fig. 13 is a section view of an HCMOS device 

55 according to a fifth embodiment in which metallic con- 
tact layers low in resistance are formed in the structure 
shown in Fig. 1. 

As shown in Fig. 13. the HCMOS device of the fifth 
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embodiment has source-drain contact W layers 25n. 
25p on SiGe layfers I5n. I5p. 

Likewise the fourth embodiment, the fifth embodi- 
ment has the following characteristic feature in addition 
to the characteristic features of the first embodiment 5 
That is, the fifth embodiment comprises channel 
regions, source-drain regions and source-drain contact 
layers. The channel regions comprise a first semicon- 
ductor layer -including a' Si^Ge^/ layer (05x51", 
Osys 1 ). a second semiconductor layer different in band io 
gap from the first semiconductor layer, and a carrier 
accumulation layer formed in the vicinity of the interface 
between the first and second semiconductor layers. The 
source-drain regions comprise a third semiconductor 
layer and a fourth semiconductor layer greater in band is 
gap than the third semiconductor layer. The source- 
drain contact layers are made of conductive layers 
which are low in resistance and which are formed imme- 
diately above the third semiconductor layer. 

In the NMOS transistor in the fifth embodiment a 20 
SiGeC layer I4n serves as the first swniconductor layer 
including a Si^Ge.Cy layer (Osxsi. OSysi), a Si 
layer I3n serves as the second semiconductor layer, 
the SGe layer I5n serves as the third semiconductor 
layer, a Si layer 1 7n serves as the fourth semiconductor 25 
layer greater in band gap than the SiGe layer I5n. and 
the source-drain contact W layer 25n is formed immedi- 
ately above the SiGe layer 1 5n serving as the third sem- 
iconductor layer. 

In the PMOS transistor of the fifth embodiment the jo 
SiGe layer 15p serves as the first semiconductor layer 
(y*0) including a Si,. |ay Ge^Cy layer (Osxsi, Osysi) 
and also as the third semiconductor layer, a Si layer I7p 
serves as the second semiconductor layer and also as 
the fourth semiconductor layer greater in band gap than 35 
the third semiconductor layer, and a source-drain con- 
tact W layer 25p is formed immediately above the SGe 
layer 1 5p serving as the third semicond u ctor layer. 

As discussed in the foregoing, this embodiment is 
arranged such that those regions (source-drain contact 40 
W layers 25n. 25p) of the substrate which come in con- 
tact with the AJ source-dram electrodes 21 n, 21 p. are 
formed in a semiconductor layer which is smaller in 
band gap out of the serriconductor layers for forming a 
channel. This reduces the contact resistance as com- 45 
pared with the arrangement in which the contacts are 
formed immediately above the uppermost Si layers 17n. 
I7p. Thus, the device can be operated at a high speed 
with lower power consumption. 

In particular, the source-drain contact W layers 25n. so 
25p made of tungsten (W) are so formed as to come in 
contact with the SiGe layers 15n. 15p Thus, the source- 
drain contact W layers 25n. 25p are extremely low in 
contact resistance. 

That is, the fifth embodment can be arranged to 55 
lower the contact resistance, yet producing the effects 
produced by the first embodiment 



Sixth Embodiment 

Fig. 14 is a section view of an HCMOS de- • 
according to a sixth embodiment in which metallic con- 
tact layers low in resistance are formed in the structure 
shown in Fig. 8. 

As shown in Fig. 14. the HCMOS device has 
source-dram contact w layers 45n. 45o on SiGe layers 
36n, 36p which are quantum weJ regions. 

Likewise the fourth embodiment, the sixth embodi- 
ment has the following characteristic feature in addition 
to the characteristic features of the third embodiment. 
That is. me sixth embodiment comprises channel 
regions, source-drain regions and source-drain contact 
layers. The channel regions comprise a first semicon- 
ductor layer including a Si^.yGe,^ layer (Osxai, 
OSyai), a second serniconductor layer different in band 
gap from me first semiconductor layer, and a carrier 
accumulation layer formed in me vicinity of the interface 
between the first and second serniconductor layers. The 
source-drain regions comprise a third semiconductor 
layer and a fourth semiconductor layer greater in band 
gap than the third semiconductor layer. The source- 
drain contact layers are made of conductive layers 
which are low in resistance and which are formed imme- 
diately above me third semtconductor layer. 

In the NMOS transistor in the sixth embodiment a 
SiGeC layer 34n which is a quantum well region, serves 
as the first serwconductor layer including a Si 1 .,. y Ge t C y 
layer (Osxsi. Osysi). a first Si layer 33n serves as the 
second serniconductor layer, the SiGe layer 36n which 
is a quantum wen region serves as the third semicon- 
ductor layer, a third Si layer 37n serves as the fourth 
semiconductor layer greater in band gap than me SiGe 
layer 36a and the source-drain contact W layer 45n is 
formed immediately above the SiGe layer 36n serving 
as the third semiconductor layer. 

In the PMOS transistor of the sixth embodiment a 
SiGe layer 36p serves as me first semiconductor layer 
(y»0) including a Si^G^Cy layer (OSxsi. Osysi) 
and also as the third serniconductor layer, a third Si 
layer 37p serves as me second semiconductor layer 
and also as me fourth semiconductor layer greater in 
band gap than the third serniconductor layer, and a 
source-drain contact W layer 45p is formed immediately 
above me SiGe layer 36p serving as me third semicon- 
ductor layer. 

As discussed in me for -.-going, me sixth embodi- 
ment is arranged such mat those regions (source-drain 
contact W layers 45n, 45p) of the substrate which come 
in contact with the AJ source-drain electrodes 4m, 4lp. 
are formed in a semiconductor layer which is smaller in 
band gap out of me serniconductor layers tor forming a 
channel This reduces the contact resistance as com- 
pared with the arrangement in which me contacts are 
formed immediately above me Si layers 37n, 37p which 
are the uppermost semiconductor layers. Thus, the 
device can be operated at a high speed with lower 
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power consumption. 

In particular, the source-drain contact W layers 45n. 
45p made of tungsten (W) are so formed as to come in 
contact with the SiGe layers 36n, 35p. Thus, the source- 
drain contact W layers 45n. 45p are extremely low in 
contact resistance. 

That is. the sixth embodiment can be arranged to 
lower the contact resistance, yet producing the effects 
.produced by the third embodiment.. ... 

Other Modifications 

In each of the first to sixth embodiments, the 
description has been made of a MOS field-effect tran- 
sistor unit having a gate insulating layer below a gate 
electrode. However, the present invention is not limited 
to such embodiments. In particular, a field-effect transis- 
tor unit using a heterointertace instead of a heterojunc- 
tion MOS structure having an insulating layer at the 
uppermost layer, can form even a device which does not 
use an insulating layer but uses a Schottky junction. 
This enables the resstance to be lowered and is advan- 
tageous in view of a high-speed operation with low 
power consumption. 

In each of the first to sixth embodiments, the 6 
doped layers are formed. However, the present inven- 
tion is not limited to such an arrangement That is. the 
effects of the present invention can be produced with 
the use of no 6 doped layers. Even though the 6 doped 
layers are formed, spacer layers are not necessarily 
required. 

A SiGeC layer containing a trace amount of C may 
be formed instead of each of the SiGe layers in the first, 
second, third, fifth and sixth embodiments. 

In each of the first, second, third, fifth and sixth 
embodiments, the SiGeC layers may be disposed 
above the SiGe layers. In such an arrangement the 
source-drain contact W layers may be formed immedi- 
ately above the SiGeC layers in the source-drain 
regions. 

Claims 

1. A semiconductor device comprising a field-effect 
transistor which is formed on a portion of a semi- 
conductor substrate and which comprises a gate 
electrode, source-drain regions and a channel 
region between said source-drain regions. 



said channel region comprises: 
a Si layer; 

a Siv^G^Cy layer (03x31 . 0<ysi) which 
is formed as corning in contact with said Si 
layer and in which the composition rate y of 
C is in the range from 0.01 to 0.03; and 
a carrier accumulation layer formed in that 
portion of said Sii.i. v Ge l C y layer which is 



10 



15 



adjacent to said Si layer. 

2. A s miconductor device according to Claim i, 
wherein the composition rates of th respective ele- 
ments in said Sif .,. y Ge s Cy layer ar adjusted such 
that said Si^yGejCy layer and said Si layer are fit- 
ted in lattice for each other. 

X. A" semiconductor device, according to. Claim i. 
wherein said S|. t .yGe a C y layer has a lattice con. 
slant smaller than that of said Si layer and has such 
a thickness as not to induce lattice relaxation 

4. A semiconductor device according to Claim i. fur- 
ther comprising a MOS transistor which is formed 
on said semiconductor substrate and in which a 
semiconductor layer formed of a single element 
serves as a channel region. 



so 5. A semiconductor device according to Claim i. 
wherein carriers accumulated in said carrier accu- 
mulation layer are negative. 

6. A semiconductor device according to Claim 1. 
wherein a carrier supply layer for supplying carriers 
to said carrier accumulation layer is formed in that' 
portion of said Si layer which is adjacent to said Si, . 
,.yGe s Cy layer. 

7. A semiconductor device according to Claim 1. 
wherein: 

carriers accumulated in said carrier accumula- 
tion layer are negative: 

there is formed another field-effect transistor 
which is formed on other portion of said semi- 
conductor substrate and which comprises a 
gate electrode, source-drain regions and a 
channel region between said source-drain 
regions; and 

said channel region of said another field- effect 
r comprises: 
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a second Si layer; 

a SiGe layer formed adjacent to said sec- 
ond Si layer; and 

a second carrier accumulation layer for 
accumulating positive carriers, which is 
formed in that portion of said SiGe layer 
adjacent to said second Si layer. 

A semiconductor device according to Claim 1, 
wherein said Si 1 . s . y Ge B C y layer is a quantum well 
region. 

A semiconductor device according to Claim 7. 
wherein said SiGe layer is a quantum well region. 
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10. A semiconductor device according to Claim 1. 
wherein: 

each of said source-drain regions comprises a 
first semiconductor layer and a second semi- s 
conductor layer greater in band gap than said 
first semiconductor layer; and 
. . .there ts furiher formed a source-drain contact 
layer which is made of a conductive layer low in 
resistance and which is formed immediately '<? 
above said first semiconductor layer. 

11. A semiconductor device comprising a field-effect 
transistor which is formed on a portion of a semi- 
conductor substrate and which comprises a gate is 
electrode, source-drain regions and a channel 
region between said source-drain regions. 

said channel region comprises: 

a first Si layer; 20 
a first Si,. f .yGe x Cy layer (OSjcsi . 0<ysi) which 
is formed as coming in contact with said first Si 
layer; 

a second Si layer: 

a second Si,. I . y Ge I C y layer (OSrtl. OSysi) 25 
which is formed as coming in contact with said 
second Si layer and which is different in band 
gap from said fist %. m . y Ge t Cy layer: and 
first and second carrier accumulation layers for 
respectively confining afferent conductive car- 30 
riers. said first and second carrier accumulation 
layers being respectively formed in that portion 
of said first Si^.yGe^ layer which is adjacent 
to said first Si layer and in that portion of said 
second Si,. s .yGe,Cy layer which is adjacent to 35 
said second Si layer. 

12. A semiconductor device according to Claim 11, 
wherein the composition rate y of C in said second 

Si, ^.yGejCy layer is equal to 0. <o 

13. A semiconductor device according to Claim 1 1 , fur- 
ther comprising a MOS transistor which is formed 
on said semiconductor substrate and in which a 
semiconductor layer formed of a single element 43 
serves as a channel region 

14. A semiconductor device according to Claim 11, 
wherein the composition rate y of C in said first Si,. 
,-yGe.Cy layer is in the range from 0.01 to 0.03. so 



15. A semiconductor device according to Claim 11. 
wherein the composition rates of the respective ele- 
ments in said first Si^.yGe.Cy layer are adjusted 
such that said first Si^.yGe.Cy layer and said first 55 
Si layer are fitted in lattice for each other. 

16. A semiconductor device according to Claim 11. 



wherein said first Si^.yGe^y lay r has a lame 
constant smaller than that of said first Si layer and 
has such a thickn ss as to induce no lattice relaxa- 
tion. 

17. A semiconductor device according to Claim 11. 
wherein the carriers to be accumulated in said first 
carrier, accumulation layer are negative, and the 
carriers to be accumulated in said second carrier 
accumulation layer are positive. 

18. A semiconductor device according to Claim 11. 
wherein a carrier supply layer tor supplying carriers 
to said first carrier accumulation layer is formed in 
that portion of said first Si layer which is adjacent to 
said first Si^.yGe^Cy layer. 

19. A semiconductor device according to Claim 11. 
wherein at least one of said first and second Si,.,. 
y Ge x Cy layer is a quantum well region. 

2a A semiconductor device accortfng to Claim 1 1 . fur- 
ther comprising a source-drain contact layer which 
is made of a conductive layer, which is low in resist- 
ance and which is formed immediately above sad 
first or second St^fiefiy layer whichever is th 
upper. 

21. A semiconductor device comprising at least one 
field-effect transistor formed on a semiconductor 
substrate, said field-effect transistor comprising: 

a channel region comprising a first semicon- 
ductor layer including a Si,. I . v Ge x C y layer 
(Osx* 1. Oaysi). a second semiconductor layer 
different in band gap from said first semicon- 
ductor layer, and a carrier accumulation layer 
formed in th? vicinity of the interface between 
sad first and second semiconductor layers: 
a source-drain region comprising: a third semi- 
conductor layer and a fourth semiconductor 
layer greater in band gap than sad third semi- 
conductor layer; and 

a source-drain contact layer which is made of a 
conductive layer, which is low in resistance and 
which is formed immediately above sad third 
semiconductor layer. 

22. A semiconductor device according to Claim 21. 
wherein: 

sad first semiconductor layer also serves as 

sad third semicond u ctor layer: 

sad second semiconductor layer also serves 

as sad fourth semiconductor layer : and 

sad second semiconductor layer is formed on 

sad first semiconductor layer. 
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23. A sernconductor device according to Claim 21. 
wherein: 

said first and third semiconductor layers are 
respectively formed by different semiconductor 5 
layers: 

sad third semiconductor layer is formed on 
said first semiconductor layer: and 
said fourth semiconductor layer, is formed .on . . 
said third semiconductor layer. io 

24. A method of producing a semiconductor device 
including an n-channel field-effect transistor and a 
p-channel field-effect transistor, comprising: 

15 

a first step of forming, on a semiconductor sub- 
strate, a first Si layer and a first Si^.yGe^Cy 
layer (03x^1. 0<ysi) which comes in contact 
with said first Si layer and in which a first carrier 
accumulation layer serving as a channel of said so 
n-channel field-effect transistor is formed in 
that portion of said first Si^.yGe^Cy layer 
which is adjacent to said first Si layer; 
a second step of forming, on said semiconduc- 
tor substrate, a second Si layer and a second 25 
Siv.yGe.Cy layer (Osxsi. 0sy*1) which 
comes in contact with said second Si layer, 
which is different in band gap from said first Sh. 
K . y Ge x C y layer and in which a second carrier 
accumulation layer serving as a channel of said 30 
p-channel fi eta-effect transistor is formed in 
that portion of said second Si^.yGe^Cy layer 
which is adjacent to said second Si layer; 
a third step of depositing a conductive layer on 
said first or second Si^.yGe^Cy layer which- 35 
ever is the upper, and patterning sad conduc- 
tive layer to form the gate electrodes of said rv 
and p-channel fieW-erfect transistors; and 
a fourth step of introducing, with sakJ gate elec- 
trodes of said fiett-eftect transistors used as *o 
masks, (i) n-type impurity into the n-channel 
field-effect transistor forming region in depth 
which reaches at least said first carrier accu- 
mulation layer and (H) p-type impurity into the p- 
channel field-effect transistor forming region in 4$ 
depth which reaches at least said second ear- 
ner accumulation layer, thus forming source- 
drain regions of said n- and p-channel field- 
effect transistors. 

50 

25. A method of producing a semiconductor device 
which has a first semiconductor layer including a 
Si 1 . l . y Ge l Cy layer (OSrsl.OSySl). a second semi- 
conductor layer different in band gap from said first 
semiconductor layer and a carrier accumulation 55 
layer serving as a channel formed in the vicinity of 

the interface between said first and second semi- 
conductor layers, and which serves as a field-effect 



transistor, said method comprising: 

a first step of successively forming, on a ^eid- 
effect transistor forming region of a semicon- 
ductor substrate, a third semiconductor layer 
and a fourth semiconductor layer greater m 
band gap than said third semiconductor layer, 
a second step of depositing a conductive layer 
. on said fourth semiconductor layer andpattern- 
ing said conductive layer to form a gate elec- 
trode; 

a third step of introducing impurity into nose 
portions of said field-effect transistor forming 
region which are located at both lateral sides of 
said gate electrode, thus forming source-drain 
regions, said impurity being introduced in depth 
which reaches at least said carrier accumula- 
tion layer; 

a fourth step of etching said fourth semicon- 
ductor layer in said source-drain regions until at 
least said third semiconductor layer is exposed; 
and 

a fifth step of forming, on the exposed surface 
of said third semiconductor layer, source-drain 
contact layers made of conductive layers low in 
resistance. _ % 

26. A semiconductor device producing method accord- 
ing to Claim 25. wherein said first step is executed 
such that said first semiconductor layer also serves 
as said third semiconductor layer and that said sec- 
ond semiconductor layer also serves as sad fourth 
semiconductor layer. 

27. A semiconductor device producing method accord- 
ing to Claim 25. further comprising, prior to said first 
step, a step of forming said first and second semi- 
conductor layers, said first step being executed 
such that said third serriconductor layer is formed 
on said first semiconductor layer. 

2a. A semiconductor device producing method accord- 
ing to Claim 25. wherein said fourth step is exe- 
cuted under etching conditions in which the etching 
selectivity tor the third and fourth semiconductor 
layers is high. 
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tional speed. There can be provided a semiconductor 
device having field-effect transistors having channels 
lessened in crystal defect 
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